Raman scattering by localized vibrational modes and plasmons has been used to characterize heavily p-and n-type silicon-doped (3 11 )A GaAs layers grown by molecular beam epitaxy. Consistent with the doping character, p-type samples show two modes associated with Si(As) and the complex defect SGX. Acceptor-related lines were not observed in n-type samples, an indication that compensation levels in the layers are very low. The results are discussed in relation to growth conditions on (31 l)A surfaces.
Silicon is the most widely used n-type dopant in GaAs and other III-V compound semiconductors grown by molecular beam epidxy (MBE) . Because Si is an amphoteric impurity, however, its doping behavior depends on various factors including the substrate morphology, surface bonding configuration, growth temperatures, and the As/Ga flux ratio. Recently, there have been several studies of MBE S&doped GaAs grown on substrates of different orientations."2 To effectively correlate transport properties with growth conditions, it is important to characterize the distribution of Si among the As and Ga sublattices. Raman and infrared (IR) spectroscopy, probing local vibration modes (LVM), are the most widely used techniques for this purpose. Because of various reasons, the former technique exhibits many advantages over IR in the case of thin-film structures. Recently, Raman scattering has been applied to the study of LVM in heavily Si-doped GaAs prepared by ion implantation followed by thermal annealing,3" liquid-phase epitaxy,6 and MBE.'>" In this work, we present Raman results on S&doped GaAs grown on (3 1 l)A GaAs substrates by MBE. The (3 11 )A surface is particularly interesting because the densities of Ga single-bonding and As double-bonding sites are equal. Accordingly, Si could either incorporate into the Ga sublattice and, so, act as a donor or into the As sites as a p-type dopant, depending on the growth conditions. This feature is expected to be of importance in device applications provided high levels of both types of doping could be obtained in a reproducible manner.
Si-doped GaAs layers (1 pm thick) were grown by MBE on n-type (3 11 )A GaAs substrates. Here, data are reported for three samples. Sample A was grown at a substrate temperature of 670 "C with tlux ratio As/Ga -1 while the substrate temperature for sample B was 450 "C! and the flux ratio was As/Ga >4. The growth rates in both cases were kept at 0.5 pm/h. The as-grown samples were measured using standard capacitance-voltage (C-V) techniques to obtain doping types and carrier concentrations. Sample A shows p-type conductivity with a free hole concentration of 2.1 X 1019 cmB3 and sample B is n-type with a free electron concentration of 1.2X lOI9 cms3. Sample C is an undoped sample grown for reference purposes. We notice that the doping level in sample A is the highest ever obtained for p-type doping in GaAs.
Raman data were obtained with a Dilor XY spectrometer. Spectra were recorded at room temperature in the backscattering configuration with the incident and scattered light polarized either along the x= (Oil) or y = (233) directions. The 4765 and 4965 A lines of an Ar+ laser were used as excitation sources. The penetration depth for such' wavelengths is considerably smaller than the thicknesses of the layers.
In (311) backscattering, both the LO (longitudinaloptic) and TO (transverse-optic) modes are allowed. In heavily doped GaAs, however, the LO phonon couples to the electron (or hole) plasmon giving rise to two coupled modes, Lf and L-.* Figure 1 shows the Raman spectrum of the n-type film at large energy shifts. The relatively broad feature with maximum at -1080 cm-' is the L+ plasmon-like mode. Its frequency corresponds' to a free electron concentration of (1.2kO.2) X 1019 cmm3, in very good agreement with the C-V measurements.
The low frequency regions of the spectra of the p-type (sample A), n-type (sample B) and undoped (sample C) films are shown in Fig. 2 . The weak peak at -340 cm-' and the structures between 450 and 600 cm-' in all samples are due to second-order phonon scattering (small differences among the spectra are due to slight misalignments in the scattering geometry). Other than the intrinsic modes, the p-type sample shows additional features at 365 and 394 cm-', which are ascribed to SGX and Si(As) LVM, respectively.' Si(As) denotes the local vibration associated with a Si atom replacing As while Si-X is a controversial defect complex.7$10 Murray et al. ' found that the StX defect can be best explained as a nearest-neighbor double or triple acceptor Si(As)-V(Ga) pair, where V(Ga) denotes a vacant Ga sublattice site. Of course, Si(As) is a single acceptor. The fact that the n-type sample does not show features associated with acceptor sites indicates that levels of compensation are low for our structures. However, the sample does not show evidence of Si( Ga) either. But, it is known that such a line can only be observed in the immediate vicinity of El resonance at -3 eV.3 A qualitative account of our findings is discussed in the following. As shown in Fig. 3 ,: there are equal density of single dangling-bond sites (Ga) and double dangling-bond sites (As) at the (3 11 )A surface. Si behaves as a donor in Ga sites while it acts like an acceptor in As sites. The actual distribution of Si atoms depends not only on the relative strengths of the Si-Ga and'%As bonds, but also on the fact that during growth Si must.compete with As and Ga to occupy the single-bond acceptor sites and doublebond donor sites. It appears that, at high temperatures and low, As-fluxes, molecular Asa is a much less effective competitor of Si -at single-bond acceptor sites. This is likely because the sticking coefficient of As decreases with increasing temperature. Moreover, the molecular As4 must be broken up, the energy for which is less readily provided by forming only a single-bond per atomas opposed to two bonds on (100) surfaces. These circumstances, together with the competition from plentiful Ga atoms at the double-donor sites, forming two strong Ga-As bonds, should effectively shift Si atoms to the acceptor sites on the As sublattices (as seen in sample A), even though the Si atom itself would bind more strongly on the donor sites. With lower temperatures and increasing As/Ga flux ratios, the balance should shift back in the direction of the energetically preferred Ga sites (as seen in sample B) , leading to n-type doping.
In conclusion, we have observed Raman scattering-by local vibrational modes in MBE (3 11) p-type GaAs which is consistent with the character of the sample. Si acts lie an acceptor by either occupying As sites or by forming Si-X complexes. The n-type sample does not show any acceptor feature indicating weak levels of compensation. These results are extremely encouraging and suggest that devices such as high-frequency bipolar transistors can be grown on 3 11 (A) GaAs by all-silicon doping. 
